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Pyruvate formate-lyase (PFL) (formate acetyltransferase; EC 2.3.1.54) of oral streptococci is essential for
metabolizing sugar into volatile compounds (formate, acetate, and ethanol). This enzyme is extremely sensitive
to oxygen, and its activity is irreversibly inactivated by oxygen. When Streptococcus sanguis was anaerobically
starved, a part of the active form of PFL was converted into a reversible inactive form that was tolerant of
oxygen. This reversible inactive enzyme could be reactivated to the active enzyme by anaerobic sugar

metabolism, with the recovery of volatile compound production. The PFL in Streptococcus mutans was not
converted into an oxygen-tolerant inactive form by anaerobic starvation, and after exposure of the cells to
oxygen the PFL could not be reactivated. These findings suggest that S. mutans can produce acids rapidly under
anaerobic conditions because of its capacity to keep PFL active and that S. sanguis can protect its sugar

metabolism from oxygen impairment because of its interconversion of PFL.

Oral streptococci are the predominant acid-producing
microorganisms in dental plaque (13, 15, 24). They metabo-
lize sugars into pyruvate through the Embden-Meyerhof
pathway and convert pyruvate into lactate and also into
volatile compounds (formate, acetate, and ethanol). The
conversion of pyruvate into volatile compounds is catalyzed
by a series of enzymes (1), and the first step in this pathway
(PFL pathway) is catalyzed by pyruvate formate-lyase
(PFL) (formate acetyltransferase; EC 2.3.1.54) (1, 27, 37,
38). PFL is extremely sensitive to oxygen (1, 27-29, 37, 38),
similar to the enzymes of Streptococcus faecalis (26), Esch-
erichia coli (12, 21, 22), and clostridia (30, 35). Thus, when
cells of Streptococcus mutans are exposed to air for a few
minutes, the PFL in the cells is inactivated, and they lose the
ability to produce volatile compounds (1, 38). On the con-
trary, Streptococcus sanguis can produce a significant
amount of volatile compounds even after exposure of the
cells to oxygen (27, 38). The PFL in cell-free extracts of both
S. mutans and S. sanguis is, however, inactivated immedi-
ately by exposure to oxygen, and their sensitivity to oxygen
is not different (38).

Recently, the presence of reversible and irreversible inac-
tive forms of PFL in cell-free extracts of streptococci (T.
Yamada, Regulation of glycolysis in streptococci. In J.
Reizer and A Peterkofsky [ed.], Sugar transport & metabo-
lism in gram-positive bacteria, in press) as well as in E. coli
was suggested (14, 23). The active enzyme (A-form) is
immediately converted into an irreversible inactive enzyme
(I-form) by oxygen. The reversible inactive enzyme (R-form)
obtained by anaerobic incubation of the active enzyme is
tolerant of oxygen and can be reactivated under anaerobic
conditions.

02I-form - A-form - R-form

Thus, this interconversion of PFL is considered to play an
important role in the protection and recovery of streptococ-
cal sugar metabolism from oxygen impairment. Interconver-
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sion of PFL is suggested to occur in intact cells of E. coli
(14), but the relationship of the interconversion ofPFL to the
oxygen impairment of sugar metabolism has not been clari-
fied. In the present study, we investigated the interconver-
sion of PFL and its relationship to the oxygen sensitivity of
sugar metabolism in intact cells of S. mutans and S. sanguis.

MATERIALS AND METHODS

Microorganisms and anaerobic procedure. S. mutans
NCTC 10449, S. mutans NCIB 11723 (JC2; 6), and S.
sanguis 160 (32), a sorbitol-fermenting strain kindly supplied
by S. Edwardsson, Malmo, University of Lund, Sweden,
were grown at 35°C in a complex medium containing 10 g of
sorbitol per liter in an anaerobic glove box (type NHC [N2,
80%; H2, 10%; C02, 10%]) as described previously (38). S.
sanguis NCTC 10904 was grown under the same conditions,
except that galactose was used as a carbon source. Unless
otherwise specified, strains NCTC 10449 and 160 were used.
The cells were harvested in the logarithmic growth phase.
They were then washed twice with oxygen-free (kept in the
glove box for at least 3 days after evacuation of oxygen by
three vacuum treatments prior to use) 40 mM potassium
phosphate buffer (pH 6.8) plus 5 mM MgCl2 and resuspended
in the same buffer (designated fresh cells) in another type of
anaerobic glove box (type NH [N2, 90%; H2, 10%]). Cultures
were checked for purity by being grown on mitis salivarius
agar and blood agar plates in the type NHC glove box.

Unless otherwise noted, all the following procedures were
carried out in the type NH glove box. After evacuation of
oxygen by three vacuum treatments, the solution and the
reagents for the anaerobic experiments were kept at 4°C in
the glove box for at least 3 days prior to use, and all the
experimental equipment was brought into the glove box the
day before the anaerobic experiments.

Experimental procedure for the interconversion of PFL in
intact cells. (i) Anaerobic starvation. The suspension of fresh
cells was incubated without sugar at 35°C for 60 min under
strictly anaerobic conditions. The starved cells were washed
with oxygen-free 40 mM potassium phosphate buffer (pH
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ceLL Relative Activity (%)
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FIG. 1. Percent activity of PFL and lactate dehydrogenase
(LDH) in S. sanguis 160 and S. mutans NCTC 10449. Definitions:
Fresh cells, harvested and washed cells; starved cells, cells starved
anaerobically; aerated cells, starved cells aerated; sugar-charged
cells, aerated cells incubated anaerobically with sorbitol. The enzy-
matic activity of the fresh cells was regarded as 100%. The enzy-
matic activities of the fresh cells were 2.90 U/mg (PFL) and 17.4
U/mg (LDH) in S. sanguis 160 and 5.71 U/mg (PFL) and 14.5 U/mg
(LDH) in S. mutans NCTC 10449. Data represent the means of the
results of four independent experiments.

6.8) plus 5 mM MgCl2 and resuspended in the same buffer
(designated starved cells).

(ii) Exposure to air. The starved cells (45 mg [dry weight])
in 3 ml of buffer were added to 17 ml of air-saturated
(continuous stirring in air for at least 3 h at 35°C) 40 mM
potassium phosphate buffer (pH 6.8) plus 5 mM MgCl2 and
incubated for 10 min at 35°C in a tightly stoppered test tube.
After incubation, the cells were washed twice with oxygen-
free 40 mM potassium phosphate buffer (pH 6.8) plus 5 mM
MgCl2 to remove air thoroughly and were resuspended in the
same buffer (designated aerated cells).

(iii) Reactivation of PFL by anaerobic incubation of cells
with sugar. The aerated cells were incubated with sorbitol or
glucose at 35°C for 60 min under strictly anaerobic condi-
tions. The reaction mixture contained 1.1 mmol of sorbitol or
glucose, 60 P,mol of MgCl2, the aerated cells (45 mg [dry
weight]), and 1.8 mg of chloramphenicol in 18 ml of oxygen-
free 150 mM potassium phosphate buffer (pH 6.8). The pH in
the reaction mixture was kept above 6.5 during the 60-min
incubation, and the sugar was not exhausted during the
incubation. After reactivation, the remaining sugar was
washed out three times with oxygen-free 40 mM potassium
phosphate buffer (pH 6.8) plus 5 mM MgCl2, and the cells
were resuspended in the same buffer (designated sugar-
charged cells).

Sugar fermentation by cells with various forms of PFL. The
fresh, starved, aerated, and sugar-charged cells were incu-
bated with sorbitol or glucose for 3 min at 35°C under strictly
anaerobic conditions. The reaction mixture contained 270
,umol of sorbitol or glucose, 30 ,umol of MgCl2, and the cells
(30 mg [dry weight]) in 9 ml of oxygen-free 150 mM potas-
sium phosphate buffer (pH 6.8). The pH of the reaction
mixture did not change during incubation. The reaction was
stopped by the addition of 0.6 ml of50% perchloric acid. The
mixture was brought out of the glove box and filtered
through a membrane (pore size, 0.20 ,um) to remove the cell
debris. A portion of the filtrate was diluted with 0.2 N HCl
for the assay of organic acids. The rest of the filtrate was

neutralized with potassium carbonate at 0°C for the assay of
ethanol. The samples were kept at 4°C in glass tubes with
tightly fitting screw caps until they were used for end-
product analyses.

Analysis of end products from sugar fermentation. Form-
ate, acetate, and lactate were assayed with a carboxylic acid
analyzer (model S-14; Tokyo Rikakikai, Ltd., Tokyo, Japan)
by high-performance liquid chromatography with 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride, a
highly sensitive color-producing reagent specific for carbox-
yl groups. Ethanol was estimated with alcohol dehydroge-
nase (yeast; EC 1.1.1.1) (Boehringer GmbH, Mannheim,
Federal Republic of Germany) (2).

Preparation of cell extracts and assays of enzymatic activi-
ties. The fresh, starved, aerated, and sugar-charged cells
were anaerobically disrupted by sonic oscillation (200 W, 2
A) as described previously (38), and the cell debris was
removed by centrifugation at 10,000 x g for 40 min at 4°C.
The centrifuge (model KM-1100; Kubota Ltd., Tokyo, Ja-
pan) was placed in the glove box. The cell extracts were
dialyzed against oxygen-free 40 mM potassium phosphate
buffer (pH 6.8) plus 1 mM dithiothreitol at 4°C for 120 min
and used for the assays of enzymatic activities under strictly
anaerobic conditions. The activities of PFL and lactate
dehydrogenase were assayed with a double-beam spectro-
photometer (model 100-50; Hitachi Ltd., Tokyo, Japan)
placed in the glove box as described previously (29, 38). One
unit of PFL was defined as the amount of enzyme which
catalyzed the formation of 1 ,umol of acetyl coenzyme A per
min. The concentration of protein in the cell extracts was
estimated in air by the biuret method (25).

Reactivation of PFL. The mixture for the reactivation of
PFL contained 0.6 mM S-adenosyl-L-methionine, 10 mM
sodium pyruvate, 16 mM dithiothreitol, 2 mM
Fe(NH4)2(SO4)2, 4 mM reduced methylviologen, 6 mg of
bovine serum albumin per ml, and dialyzed cell extract in
oxygen-free 100 mM potassium phosphate buffer (pH 6.8).
The reaction was run at 30°C in the glove box. The reacti-
vation of PFL approached the maximum by 120 min.

RESULTS

Change in PFL activity in intact cells. The PFL activity in
S. sanguis cells decreased gradually with the time of
anaerobic starvation of the cells. Sixty minutes of starvation
reduced the PFL activity in S. sanguis cells by 40% (Fig. 1,
starved cells). However, 60 min of starvation did not change
the PFL activity in S. mutans cells (Fig. 1, starved cells),
and neither did an additional 90 min of starvation (data not
shown). By alkaline titration of the acid produced, it was
confirmed that most of the intracellular polysaccharides in
the cells of both S. mutans and S. sanguis were exhausted by
10 min of starvation. When the starved cells of both S.
mutans and S. sanguis were incubated in air-saturated
buffer, they lost their PFL activity (Fig. 1, aerated cells).
After exposure to air, the aerated cells were returned to
strictly anaerobic conditions and incubated with sorbitol.
The PFL activity of S. sanguis was recovered by this
anaerobic incubation, but that of S. mutans was not (Fig. 1,
sugar-charged cells). The amount of PFL activity recovered
in S. sanguis was similar to that lost during anaerobic
starvation (Fig. 1, double arrows).

Therefore, the PFL activity lost during anaerobic starva-
tion is considered to be recovered, but the PFL activity lost
during exposure to oxygen is not. Thus, it is suggested that
part of the PFL activity in S. sanguis cells was converted
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into an oxygen-tolerant R-form during anaerobic starvation
and that this inactive enzyme was converted into the active
enzyme during anaerobic sorbitol metabolism. The PFL
activity was also recovered by incubation of the cells with
glucose, but glucose was slightly less effective than sorbitol.
The lactate dehydrogenase activity in the cells of both S.
mutans and S. sanguis did not change during these treat-
ments of the cells (Fig. 1).
The effects of exposure to oxygen, starvation, and sugar

metabolism on the PFL activity in S. sanguis NCTC 10904
were.similar to those in S. sanguis 160. These effects on the
PEL activity in S. mutans NCIB 11723 were similar to those
in S. mutans NCTC 10449. The reactivation of PFL in
aerated cells of S. sanguis NCTC 10904 was not' studied with
sorbitol because this strain has no ability to ferment sorbitol.
Change in sugar metabolism concomitant with change in

PFL activity in cells. The PFL activity in S. mutans and S.
sanguis cells directly affected their anaerobic fermentation
of sorbitol (Fig. 1 and 2). Because the fresh and starved cells
had enough PFL activity, they could anaerobically ferment
sorbitol into a large amount of formate and ethanol in
addition to a small amount of lactate and acetate. The
observation that the number of moles of formate was equal
to the number of moles of ethanol plus acetate indicated that
these products were formed through the PFL pathway (1,
38). When the cells lost most of the PFL activity during
exposure to oxygen, they produced only a small amount of
acids from sorbitol (Fig. 1 and 2). PFL is essential for the
an'aerobic metabolism of sugar alcohols like sorbitol because
1 mol more ofNAD per mol of sorbitol metabolized must be
regenerated by the reduction of acetyl coenzyme A into
acetaldehyde and ethanol through the PFL pathway (1, 38).
After exposure to oxygen, S. sanguis could recover its PFL
activity through anaerobic incubation of the cells with sor-
bitQl, and these sugar-charged cells, as well as the fresh and
starved cells, could anaerobically metabolize sorbitol into a
large amount of formate and ethanol (Fig. 1 and 2). On the
contrary, S. mutans cells exposed to oxygen could sparsely
ferment sorbitol.

Similar changes in the production of total volatile com-
pounds were also observed for glucose metabolism in these
streptococci, although more lactate was produced during
glucose metabolism (Fig. 3).

Strains
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FIG. 2. Amounts of fermentation end products, per 3 min of
incubation with 30 mM sorbitol at 35'C under strictly anaerobic
conditions, from S. sanguis 160 and S. mutans NCTC 10449. See
legend to Fig. 1 for definitions.
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FIG. 3. Amounts of fermentation end products, per 3 min of
incubation with 30 mM glucose at 35°C under strictly anaerobic
conditions, from S. sanguis 160 and S. mutans NCTC 10449.
Glucose was substituted for sorbitol during the preparation of
sugar-charged cells. See legend to Fig. 1 for definitions.

Three different forms ofPFL in intact cells. The amounts of
the A-form, R-form, and I-form of PFL in intact cells were
estimated by the reactivation of PFL in cell extracts of S.
mutans and S. sanguis (Table 1). PFL activity was not
increased by incubation of the cell extract of fresh cells of
these microorganisms with reactivating reagents. The PFL
activity in the cell extract of starved cells of S. sanguis was
reactivated and reached the same level as it did in fresh cells
(Table 1). The amount of PFL activity reactivated in the cell
extract of aerated cells of S. sanguis was equal to the amount
of PFL activity lost during anaerobic starvation and similar
to that in sugar-charged cells. No PFL activity was recov-
ered in the cell extract of aerated S. mutans cells (Table 1).
These findings clearly indicate the presence of an R-form of
PFL in intact cells of S. sanguis but not S. mutans. Since
this R-form was tolerant of oxygen, it must be reactivated in
aerated cells of S. sanguis by anaerobic sugar metabolism
(Fig. 1).

DISCUSSION

The following mechanisms for the interconversion of PFL
are suggested. Part of the A-form of PFL in S. sanguis cells
was converted into the R-form during anaerobic starvation.
When the cells were exposed to oxygen, the remaining
A-form in the cells was converted into the I-form, but the
R-form remained stable because of its tolerance of oxygen
(Fig. 4). When fermentable sugars were available, the R-
form was converted into the A-form, and anaerobic sugar
metabolism recovered. On the contrary, all the PFL in S.
mutans cells was kept active as the A-form during anaerobic
starvation even if fermentable sugars were not available. All
the active PFL in the cells was then irreversibly inactivated
into the I-form by oxygen. Thus, the PFL activity in S.
mutans cells was not recovered even by anaerobic incuba-
tion with sugar (Table 1).
These findings suggest that the interconversion of PFL in

streptococcal cells is closely related to the mechanism of
protection and recovery from oxygen impairment of their
sugar metabolism. When PFL is not necessary (in starva-
tion), S. sanguis converts the A-form into the R-form and
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TABLE 1. Three different forms of PFL in the cell extracts of S. sanguis 160 and S. mutans NCTC 10449
% Activity of PFL' Estimated relative amta of:

Strain and cell prepn Before After
reactivation reactivation A-form R-form I-form

S. sanguis 160
Fresh 100 99 100 0 0
Starved 63 102 63 39 0
Aerated 2 37 2 35 63
Sugar-charged 27 33 27 6 67

S. mutans NCTC 10449
Fresh 100 99 100 0 0
Starved 94 94 94 0 6
Aerated 2 3 2 1 97
Sugar-charged 5 6 5 1 94
a The enzymatic activity in fresh cells before reactivation was regarded as 100%o.
b Values were estimated by the following calculation: relative amount of I-form = 100 - (relative amount of A-form) - (relative amount of R-form).

protects its PFL from oxygen. Once the cells start anaerobic
sugar metabolism, they convert the R-form into the A-form
and recover the PFL pathway (Fig. 4). This is probably a
reason why anaerobic sugar metabolism in S. sanguis is not
as sensitive to oxygen impairment as that in S. mutans.
The PFL in the cells is considered to be reactivated by a

PFL-reactivating enzyme in streptococci as well as in E. coli
(14). In cell extracts, the reactivation of streptococcal PFL
requires a reducing potential (a reducing agent such as
reduced methylviologen or reduced ferredoxin), pyruvate,
S-adenosyl-L-methionine, and a ferrous ion (28) in addition
to the reactivating enzyme. In intact cells of S. sanguis, the
reactivation of PFL required fermentable sugar, as it did in
those of E. coli (14). During sugar metabolism, the intracel-
lular level of NADH is high (18), and this high level of
NADH may supply a reducing potential for the reactivation
of PFL. Sugar alcohols like sorbitol would then be more
suitable for the reactivation of PFL than glucose because
sugar alcohols have more reducing potential, that is, two
more atoms of hydrogen in the molecule. In addition, the
supply of pyruvate through sugar metabolism is necessary
for the reactivation of PFL.

In intact cells, the A-form of the enzyme was converted
into the R-form in S. sanguis but not in S. mutans. It was not
clarified in this study why all the PFL in S. mutans cells
remained active during anaerobic starvation. Furthermore,
the A-form of S. mutans in the cell extract was converted
gradually into the R-form (unpublished data), in contrast to
the enzyme in the intact cells. The reason for this apparent
discrepancy between intact cells and cell extracts is unclear.

Streptococcal PFLs are expected to play a central role in
streptococcal anaerobic sugar metabolism in dental plaque,
especially for sorbitol metabolism (Fig. 2), (27, 38). The
supply of sugar is considered to be limited in the deep layers
of dental plaque, and these deep layers, especially their
stagnant sites, are highly anaerobic (16, 19, 20). These
conditions may make it easy for PFLs to function because
the intracellular levels of glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate, inhibitors of PFLs, are low (1,
28, 37, 38) and the PFLs are prevented from irreversible
inactivation by oxygen. On the other hand, in these environ-
ments in dental plaque streptococcal lactate dehydrogenases
may not function because of the low intracellular level of
fructose 1,6-bisphosphate (5, 33, 34, 36), an activator of
lactate dehydrogenases. Therefore, under these conditions
the PFL pathway is expected to be a main metabolic
pathway of sugars.

Under these sugar-limited and strictly anaerobic condi-
tions, S. mutans is likely to metabolize sugars and produce
acids rapidly because it keeps all the PFL active during
anaerobic starvation, possibly conferring a high cariogenic
potential on this microorganism. However, in immature thin
dental plaque and superficial layers of dental plaque, the
PFL activity and anaerobic sugar metabolism in S. mutans
could be impaired because of the transient infiltration of
oxygen into dental plaque (Fig. 4). Pyruvate dehydrogenase
of S. mutans may function in the catabolism of pyruvate
under these conditions (11).
On the contrary, S. sanguis can protect its PFL from

oxygen by converting the A-form into the oxygen-tolerant
R-form. When sugar is available, the environment of dental
plaque becomes anaerobic because of the consumption of
oxygen by bacteria (4, 9, 17, 31) in the superficial layers of
dental plaque, and S. sanguis may activate the R-form to
metabolize sugar rapidly (Fig. 4). This characteristic of S.
sanguis, together with its capacity to induce pyruvate oxi-
dase (10), could be favorable in the establishment of this
microorganism in immature thin dental plaque (3, 7, 8),
where the oxygen concentration changes with changes in the
oral environment.

S. sanguis S. mutons
Sugars Sugars

Formate Formate
Acetate Acetate
Ethanol EthanoL

FIG. 4. Suggested scheme for the interconversion of PFL in
intact cells of S. sanguis and S. mutans. LDH, Lactate dehydroge-
nase; ®, A-form of PFL; XM, R-form of PFL; A, I-form of PFL.
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